It has been proposed that acetylcholine receptor channels exhibit a functionally distinct "junctional" form at the region of synaptic contact between nerve and muscle. As a direct test of this idea, we compared acetylcholineactivated single-channel currents from the synaptic membrane to those obtained from nonsynaptic sites on freshly dissociated adult mouse toe muscle. We observed, at locations along the entire length of the cell, openings by a channel with a high conductance (70 pS) and brief open time (-2 msec), characteristic of the classical "junctional type" of acetylcholine receptor. In 8 out of 10 synaptic and in 9 out of 19 nonsynaptic recordings, we also observed infrequent openings by a lowconductance (45-pS) channel traditionally associated only with nonsynaptic regions. In these recordings the low-conductance acetylcholine receptor channel averaged only 3% of the total channel openings. Comparisons of synaptic and nonsynaptic patches indicated no trend toward an increased proportion of low-conductance channel openings with increased distance from the synapse. These findings support the view that the functional properties of the acetylcholine receptor channel do not depend on proximity to the synapse in innervated mouse skeletal muscle.
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Synapse-specific acetylcholine (AcCho) receptor channel function was first suggested by the observation that the channel type in the synaptic membrane of denervated muscle had a higher conductance and briefer mean open time than the channel type in the nonsynaptic membrane (1) (2) (3) (4) (5) (6) . This finding led to the idea that channels at synaptic regions of innervated muscle are converted to a functionally distinct "mature" form (6, 7) . The idea of topographical segregation of channel types on innervated muscle was supported by a noise-analysis study that compared synaptic receptor channels to those at the myotendinous ends of the muscle (5) . In that study, the receptor channels at the nonsynaptic endings of human intercostal fibers were found to be functionally distinct from those present at the synapse. The presence of two functionally different AcCho receptor channel types in muscle has been confirmed by single-channel recordings of AcCho-activated currents (8) (9) (10) (11) (12) (13) (14) (15) . However, the idea that these two channel types are anatomically segregated has been challenged by the finding that many of the nonsynaptic receptors on developing amphibian muscle resemble "junctional" type channels (16, 17) . This finding has been corroborated in adult frog (18) and rat (19) muscle but, as in the preceding studies, no quantitative comparisons were made between synaptic and nonsynaptic recordings. To determine whether the functional properties of AcCho receptors are in any way dependent on the proximity to the synapse, we have studied the distribution of channel types on innervated muscle. For this purpose we have performed single-channel analysis of AcCho receptor channels on the flexor digitorum brevis (toe) muscle of adult mice. This muscle preparation permits morphological identification of the synapse following dissociation into single muscle fibers. Additionally, both the synaptic and the nonsynaptic membranes of these fibers are amenable to single-channel recording. Our results demonstrate that topographical segregation of channel types does not occur on the membrane of innervated toe muscle.
METHODS
Dissociation of Flexor Digitorum Brevis Muscle. The flexor digitorum brevis muscle was dissected from the rear feet of adult mice and dissociated according to a modification of the method developed by Bekoff and Betz (20) . Muscles were incubated in Dulbecco's modified Eagle's medium (GIBCO) containing 2-3 mg of collagenase (Cooper Biomedicals, Malvern, PA) per ml for 2-3 hr at 370C. The muscle was transferred to calcium-free minimal essential medium (GIB-CO) containing 0.5 mg of trypsin per ml for an additional 15-30 min. Muscles were gently triturated into physiological saline in order to provide isolated fibers for recording. This procedure removed both nerve and connective tissue, thereby allowing access to the muscle membrane by the patch electrode.
Single-Channel Recordings and Analysis. Cell-attached single-channel recordings were made in a solution containing 120 mM NaCl, 1 mM KCl, 1 mM CaCl2, and 10 mM Hepes adjusted to pH 7.2 with NaOH. The patch electrodes contained an identical solution with 500 nM AcCho added. Patch electrodes were pulled from borosilicate glass (W-P Instruments, New Haven, CT) to an outer diameter of 1-3 gum and fire-polished immediately prior to use. Because of the low frequency of channel opening at myotendinous regions, the electrodes were drawn to a much larger diameter (5-6 ,um) in order to ensure that adequate numbers of channel openings could be obtained for analysis.
Single-channel activity was recorded from cell-attached patches of membrane (at 21-23°C) and current signals were subsequently filtered at 4 kHz (8-pole Bessel filter, Frequency Devices, Haverhill, MA). The current signals were digitized at either 50-or 100-,usec intervals, and channel openings were analyzed on a DEC 11/23 computer (Digital Equipment, Maynard, MA) by an operator-assisted computer program. The threshold for detecting opening and closing transitions was set at 50% of the event amplitude. Sections of the record where more than one channel was open were excluded from analysis. In each record we measured the amplitudes and durations of all apparent channel openings that were longer than three sample intervals and that were separated by gaps of at least two sample intervals from neighboring events. These measurements were used to construct amplitude and open-duration histograms. Mean channel-open times (t.) Abbreviation: AcCho, acetylcholine.
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Proc. Nat. Acad. Sci. USA 84 (1987) 2551 were estimated according to the method of maximum likelihood (21) and open-duration histograms were fitted with a single-exponential curve, using the computed time constant. Both mean channel-open time and the percentage of highconductance channel openings were calculated for patches with more than 100 total openings. Data for these two parameters were usually collected at the initial holding potential applied directly after seal formation piptte = +60 mV). In all fibers the same concentration of AcCho was used for synaptic and nonsynaptic recordings.
RESULTS
Every muscle cell examined showed a single prominent protrusion on the membrane surface following dissociation (Fig. 1 ). This specialized region was verified as postsynaptic membrane by staining some of the cells with rhodamineconjugated a-bungarotoxin, which binds specifically to the AcCho receptor. Fluorescence staining was never observed outside this morphologically specialized region (Fig. 1) , confirming that AcCho receptors were not present at a high density elsewhere on the muscle membrane. In spite of a low density ofAcCho receptors along most ofthe 600-to 1000-tkm length of this muscle cell, AcCho-activated currents could be recorded at all distances from the synapse. To relate receptor properties to cellular location on the muscle surface, we categorized recordings as follows: synaptic recordings were obtained by placing the electrode in the middle of the morphologically identified endplate (see Fig. 1 ); myotendinous recordings, representing the farthest distance from the synapse (Fig. 2) , were made from the end of the muscle cell; nonsynaptic recordings were usually made at a site midway between the synapse and the myotendinous region, and in no case were they closer than 20 ,um to either the synapse or the end of the cell (Fig. 2) .
Amplitude histograms of the channel currents recorded from either synaptic, nonsynaptic, or myotendinous regions exhibited a single amplitude class in 12 of the 29 patches tested (Figs. 2 and 3) . The mean slope conductance of this class measured 69 pS (Fig. 3) and was not significantly different at any of the three cellular locations (Table 1) . Additionally, the extrapolated reversal potential for this channel class was independent of location ( Fig. 3) . Both the single-channel conductance and kinetics (discussed below) showed that this channel corresponds to the high-conduc- A second class of events with a smaller current amplitude was observed in 17 ofthe 29 patches tested (Fig. 3) . However, Current amplitude, pA (Fig. 3) . Additional studies on toe muscle have (10) 97 (2 of 10) Nonsynaptic 70 ± 5 (7) 1.8 ± 0.4 (9) 97 (4 of 9)
Myotendinous 69 ± 7 (7) 2.0 ± 0.5 (8) 96 ( indicated that a 44-pS channel type is synthesized in large numbers following denervation (26) . These channels have a mean open time that is severalfold longer than values reported here for the high-conductance channel type. Therefore, the 44-pS channel probably corresponds to the low-conductance, "nonjunctional" type ofAcCho receptor that has been observed in denervated adult (22) and developing embryonic (8-13, 17) muscle. Most important, the probability of recording low-conductance channel openings from innervated toe muscle did not differ among the synaptic, nonsynaptic, and myotendinous regions on the cell (Table 1) . In order to ascertain whether differences in gating kinetics exist between synaptic and nonsynaptic receptor channels on innervated muscle, the mean channel-open time for the high-conductance channel type was estimated at all three locations. The measurement of channel-open durations was straightforward at nonsynaptic and myotendinous sites, where the low event frequency resulted in only a small number of overlapping events. However, at synaptic regions, the high event frequency resulted in many overlapping openings immediately after seal formation, preventing accurate measurement of open durations (Fig. 1) . In such cases, the event frequency was allowed to undergo a time-dependent decline, presumably due to desensitization, before measurements Fig. 3 . The estimates of the mean channel-open time obtained from the method of maximum likelihood (Fig. 3) indicated that, in all cases, the channel openings were brief. The overall mean channel-open time at all sites was 1.9 msec when the membrane was hyperpolarized by 60-80 mV. Most important was the finding that the open-time estimates exhibited no significant differences according to location (Table 1) . Additional records at applied potentials up to 220 mV also revealed no significant dependence of kinetics on location.
DISCUSSION
Our results show no differences in functional properties between the AcCho receptor channels located at the synapse and those located in either nonsynaptic or myotendinous membrane. There was a higher event frequency at the synapse ( Figs. 1 and 2) , most likely reflecting a higher channel density at the synapse. To determine whether the lack of synapse-specific channel properties that we observed also applies to other muscles, we compared functional properties of synaptic and nonsynaptic channels in two types of muscle (myotomal and interhyoideus) ofXenopus. We find that, although both low-and high-conductance channel types are represented in these muscles, no significant difference exists in the proportion of the two types at synaptic and nonsynaptic sites (unpublished data). Thus, in two different species, we find no evidence for topographical segregation of AcCho receptor channel types on innervated muscle. The demonstration that nonsynaptic channels are functionally identical to those at the synapse now explains earlier findings of "junctional-type" channels in nonsynaptic regions of both amphibian (14, (16) (17) (18) and mammalian (6, 19) (5) . Noise analysis of AcCho-activated currents on human intercostal muscle suggested that synaptic channels had a higher conductance and briefer mean open time than channels at the myotendinous junction. The basis for the differences between intercostal muscle and toe muscle is uncertain but might be related to the greater length of cells in intercostal muscle.
The lack of functional differences between synaptic and nonsynaptic AcCho receptors reported here for innervated muscle is also in contrast to the distribution of receptor properties on denervated muscle. In denervated muscle, the principal nonsynaptic channel type is the low-conductance class (2, 6) , whereas high-conductance channels remain at the former endplate for several weeks following denervation (6) . The predominant channel class that we observed in the nonsynaptic membrane of innervated mouse muscle has the high conductance and brief open time that are characteristic of the classic "junctional-type" receptor channel (23) (24) (25) . Therefore, innervated and denervated mammalian muscle differ in the type of AcCho receptor channel that dominates the nonsynaptic membrane. Furthermore, unlike denervated muscle, the functional properties of AcCho receptor channels in innervated muscle cannot be predicted on the basis of proximity to the synapse.
The lack of correspondence between location and channel properties on adult innervated muscle brings into question the notion that conversion of AcCho receptors to a "mature" form occurs focally at the synapse (6, 7) . Should focal conversion from the low-conductance to the mature, highconductance form of receptor channel occur at the synapse, the mature form would have to be capable of migration throughout the cell. Alternatively, the functional properties of receptors on innervated muscle could be determined prior to insertion into the muscle surface. This mechanism would be expected to affect all of the AcCho receptors uniformly, accounting for our observed lack of topographical segregation ofchannel types. This latter idea is particularly attractive in light of the recent finding that both AcCho receptor channel conductance and kinetics depend on a specific subunit composition of the AcCho receptor molecule (27) .
